Neuropsychological and neurophysiological studies have emphasized the role of the prefrontal cortex (PFC) in maintaining information about the temporal order of events or items for upcoming actions. However, the medial temporal lobe (MTL) has also been considered critical to bind individual events or items to their temporal context in episodic memory. Here we characterize the contributions of these brain areas by comparing single-unit activity in the dorsal and ventral regions of macaque lateral PFC (d-PFC and v-PFC) with activity in MTL areas including the hippocampus (HPC), entorhinal cortex, and perirhinal cortex (PRC) as well as in area TE during the encoding phase of a temporal-order memory task. The v-PFC cells signaled specific items at particular time periods of the task. By contrast, MTL cortical cells signaled specific items across multiple time periods and discriminated the items between time periods by modulating their firing rates. Analysis of the temporal dynamics of these signals showed that the conjunctive signal of item and temporal-order information in PRC developed earlier than that seen in v-PFC. During the delay interval between the two cue stimuli, while v-PFC provided prominent stimulus-selective delay activity, MTL areas did not. Both regions of PFC and HPC exhibited an incremental timing signal that appeared to represent the continuous passage of time during the encoding phase. However, the incremental timing signal in HPC was more prominent than that observed in PFC. These results suggest that PFC and MTL contribute to the encoding of the integration of item and timing information in distinct ways.
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temporal-order memory | medial temporal lobe | prefrontal cortex | episodic memory | working memory M emory for the temporal order of items in an episode plays an essential role in planning future actions, a function linked to the prefrontal cortex (PFC), as well as for episodic memory, which is strongly linked to the structures of the medial temporal lobe (MTL). Neuropsychological studies have consistently shown that memory for temporal-order information is impaired in patients with lesions in the frontal lobe (1) (2) (3) (4) (5) (6) . Lesion studies in rodents support the idea that the hippocampus (HPC) is also critical for temporal-order memory (7) (8) (9) , although fewer human neuropsychological studies have reported disproportionate impairments of temporal-order memory beyond recognition memory impairments in patients with damage to the MTL (3, 10, 11) . Consistent with these findings, a large number of fMRI studies have reported activation of both PFC (12) (13) (14) (15) (16) (17) (18) (19) and MTL (18) (19) (20) (21) (22) during tasks of long-term temporal-order memory. While the vast majority of these studies focused on neural activity during recall of temporal-order information, only a few studies have examined PFC and MTL activation during the encoding of temporal-order memory (18, 22) .
Jenkins and Ranganath (18) reported that activity in the parahippocampal cortex during encoding predicted subsequent memory for fine-scale temporal-order information while coarsescale temporal accuracy was predicted by activity in both PFC and HPC. Tubridy and Davachi (22) examined encoding of temporal-order memory for triplet pairs and reported that bilateral activations in HPC and parahippocampal cortex, but not in PFC, predicted subsequent temporal-order memory. While both task and methodological differences could explain these differential results, it leaves open the question of the precise contributions of PFC and MTL during the encoding phase of temporal-order memory.
Findings from recent neurophysiological studies in animal model systems provide insight to this question. In rodents, recent studies have described cells in HPC that fire consistently at successive time points in a memory task, suggesting that these cells represent the passage of time within a trial or episode (23) (24) (25) . Using a temporal-order task requiring working memory, we reported that monkey HPC cells provide a prominent incremental timing signal during the delay period between two tobe-remembered visual-cue stimuli (26, 27) . By contrast, the perirhinal cortex (PRC) signaled the conjunction of object and temporal-order information (26) . In a similar task requiring working memory for temporal-order information, Ninokura et al. (28) and Warden and Miller (29) reported that PFC neurons carried information about the specific sequence of objects during the delay period before the choice phase of the task using either a frequency code or a phase code (30) . Together, these results suggest that neurons in both PFC and MTL signal temporalorder memory. However, because the specific task and analysis strategies differed across these studies, the precise contributions
Significance
We compared the patterns of neural activity in cells in the lateral prefrontal cortex (PFC) with cells in three areas within the medial temporal lobes (MTL) and visual area TE in nonhuman primates during the encoding phase of a temporalorder memory task. While many cells in both regions signaled information about item identity, temporal order, and the combination of the two, cells in these regions used largely distinct encoding strategies. PFC signaled specific information about the conjunction of item and temporal order and prominent stimulus-selective delay activity that is well suited for planning actions. By contrast, MTL areas exhibited item-based signals modulated by temporal order as well as prominent incremental timing signals that are well suited for episodic encoding.
of PFC and MTL areas to the encoding of temporal-order information remain unclear.
To define the specific contributions of PFC and MTL in encoding memory for temporal-order information, in the present study, we recorded from PFC, MTL areas, and visual area TE of the same monkeys as they performed a memory task requiring the retention of a specific sequence of two visual objects (Fig. 1 ). Based on previous neurophysiological studies, we targeted the dorsal and ventral regions of the lateral PFC (d-PFC and v-PFC). While both regions have been implicated in various aspects of cognitive control of behavior including temporal-order memory (28) (29) (30) , they reportedly signal different kinds of information (e.g., monitoring/motor planning for d-PFC vs. space/object for v-PFC) (31, 32) . We show that, while PFC and MTL encode information about both specific items and temporal order, these two regions signal the integration of item and temporal order in different ways. Some of the data from the MTL recordings have been reported previously (26) .
Results
The temporal-order task (Fig. 1B) started with an encoding phase during which animals were first shown a sequence of two items, randomly chosen from a pool of eight items (possible sequences: 8 × 7 = 56). During the response phase, the two stimuli shown during the encoding phase along with a distraction image were presented on the screen, and the animal was required to first touch the first item in the sequence followed by the second item in the sequence (and avoid the distractor item) to get a reward. Following behavioral training and during the recording experiments, two monkeys performed the task on average at 86.3 ± 6.4% correct (mean ± SD; monkey B, n = 599) and 87.3 ± 6.3% (monkey G, n = 330) for the first choice, and 87.3 ± 6.3% (monkey B) and 88.1 ± 6.0% (monkey G) for the second choice.
As the monkeys performed the temporal-order memory task, we recorded from 127 neurons from the PFC and compared these responses to the responses of 802 neurons recorded in the same two monkeys throughout the MTL [n = 232 in HPC, 166 in entorhinal cortex (ERC), and 317 in PRC] as well as in TE (n = 87) (Fig. 1A) .
PFC Item-Selective Responses. We first examined the pattern of item-selective neural responses in PFC. An example of stimulusselective response in v-PFC is shown in Fig. 2A . This v-PFC cell exhibited a clear stimulus-selective response for stimulus 3 only when it was shown as cue 1, but no selective response to the same visual images shown as cue 2 (t = 2.98, df = 10, P = 0.014 for cue 1 and t = 0.84, df = 13, P = 0.41 for cue 2, two-tailed paired t test). To examine the effect of all eight stimuli on the stimulus selectivity of this cell at each time point, we calculated how much of the variance in firing rate at a given time point, t, could be accounted for by the factor of stimulus [selectivity index (STI)] (33). The STI value for cue 1 for this sample v-PFC cell became significant soon after the cue 1 offset (dashed line, 95% confidence level in Fig. 2B ) and was sustained until the midpoint of the cue 2 presentation through the delay period. In contrast to the robust stimulus selectivity for cue 1, the STI value for cue 2 did not reach significance at any point through the encoding phase.
In v-PFC, 33% of the neurons (n = 24/78) showed significant (P < 0.05, one-way ANOVA) stimulus-selective responses during the cue presentation and following the delay period (80-840 ms from cue stimulus onset) to either cue 1 or cue 2 (Table S1 ). We refer to these stimulus-selective cells as "item cells." Of the 24 item cells, 22 neurons showed a stimulus selectivity exclusively for one of the two cue presentations in the encoding phase (n = 14 for cue 1, n = 8 for cue 2). The remaining two neurons responded selectively to both cue 1 and cue 2. This result indicated that the vast majority of item cells in v-PFC (22/24) signal item information selectively for a particular time point in the trial [e.g., firing in response to the flower only when it was presented as the first but not the second cue in the encoding phase ( Fig. 2) ]. We refer to these cells as "exclusive-or-item cells." Consistent with previous studies (34), we found fewer cells that showed stimulus-selective responses in d-PFC (3/49 for cue 1 or 5/49 for cue 2) relative to v-PFC, and all of them showed a stimulus selectivity exclusively for one of the two cue presentations. This area-specific distribution of item cells in PFC was reasonable from anatomical findings using retrograde transsynaptic transport of rabies virus; while v-PFC receives inputs from the inferotemporal cortex, d-PFC receives inputs from the MTL (35) .
Given the striking pattern of the stimulus-selective activity of v-PFC cells, we compared the number of cells that showed stimulus selectivity across the two cue periods, a pattern of activity that we refer to as that of "conjunctive-item cells" (e.g., n = 2 in v-PFC), with the expected value in that area calculated as a product of the proportion of neurons with significant stimulus selectivity for cue 1 and for cue 2 (e.g., 16/78 × 10/78 × 78 = 2.05) (Fig. 3A) . We found that the actual number did not differ significantly from the expected value in v-PFC (P > 0.68, permutation test, Fig. S2 ). The presence/absence of the stimulus-selective response to cue 1 and cue 2 were not dependent (P = 0.32, Fisher's exact test). These results indicate that the v-PFC signal combined information about both item and temporal order by coding stimulus selectivity for cue 1 and cue 2 separately.
MTL Item-Selective Responses. We next applied the same itemselectivity analysis to HPC, ERC, and PRC in the MTL and TE. Consistent with our earlier analysis using a shortened time window [80-400 ms from cue stimulus onset from Naya and Suzuki (26)], we found substantial numbers of item cells in all areas except for the HPC (Fig. S1 and Table S1 ) and conducted further analysis for ERC, PRC, and TE. In contrast to v-PFC, we found that there were more conjunctive-item cells than expected by chance in ERC (P < 0.0012, permutation testing), PRC (P < 0.0002), and TE (P < 0.0002) (Fig. 3A and Fig. S2) . The presence or absence of a stimulus-selective response to cue 1 and cue 2 was dependent on each other in these areas (P = 0.0017, Fisher's exact test for ERC; χ 2 = 84.8 and 33.3, P < 0.0001, χ 2 test for PRC and TE). These results indicate that the MTL item cells tended to show stimulus selectivity regardless of the temporal order.
Temporal Dynamics of the Integrated Signal in PFC and MTL. We next compared the temporal dynamics of stimulus-selective signals at the population level in PFC and MTL. Fig. 3B shows populationaveraged time courses of STI (t) for item cells with stimulus selectivity for cue 1 presentation (Top) and for cue 2 presentation (Bottom) in each area. TE (106 ms and 91 ms for half peak time from cue 1 onset and cue 2 onset) and PRC (106 ms and 101 ms) started to show selective activity earlier than v-PFC (146 ms and 136 ms) and ERC (121 ms and 206 ms) for both cue 1 and cue 2. This tendency did not depend on the magnitude of the selectivity index in each area (Fig. S7) . Because the stimulusselectivity signals for the cue 1 and cue 2 presentations were carried by independent groups of item cells in v-PFC, this suggests that the specific signal combining item and temporal order emerged as soon as the cells responded to either cue 1 or cue 2. Similarly, our previous study showed that PRC cells signaled both item and temporal-order information by firing at different rates in response to the same item when it was presented in a different temporal order (Fig. S6) , and this differential response between cue 1 and cue 2 appeared as soon as the PRC item cells started to respond to the cue stimuli ( figure S6 in ref. 26) . Thus, by simply comparing the time courses of stimulus-selective response in PRC and v-PFC, we can estimate those of the combined signals for item and temporal order in these two areas. This comparison suggests that the integrated signal developed in PRC before developing in v-PFC during both cue 1 and cue 2 periods of the task (Fig. 3B) .
Incremental Timing in the Delay Period. We focused our next analysis on the delay period between the cue 1 and cue 2 presentations of the encoding phase of the task. We previously reported that HPC neurons provide an incremental timing signal that represents the passage of time between the presentations of the cue 1 and cue 2 stimuli (26). This signal was found both at the population level (26) and at the single neuron level (27) . To identify these incremental timing signals in PFC, we first defined order-selective cells as cells the responses of which differentiated between the two cue periods on a two-tailed t test (P < 0.05). A substantial number of order-selective cells were observed in both v-PFC and d-PFC as well as MTL areas (Fig. S1 ). In the present study, some order-selective cells in PFC as well as HPC changed their spike-firing rates monotonically during the delay period between cue 1 and cue 2. Fig. 4 A and B show examples of order-selective PFC cells with monotonic decreasing and increasing activities. None of these cells showed stimulus selectivity to cue stimuli (Fig. 4 C and D  and Fig. S8 ). To assess the monotonicity of this increasing or decreasing pattern of activity, we examined how well a first-order polynomial fit the spike-firing rates during the delay period compared with a zero-order polynomial (26, 27) . For the cells shown in Fig. 4 , significant improvements were observed in the fittings by a first-order polynomial for both neurons (f = 5.1 and 3.7; P = 0.0002 and 0.002; df 0 = 22; df 1 = 21), and these fits were not improved by a secondorder polynomial (f = 2.0 and 1.19; P = 0.06 and 0.35; df 1 = 21; df 2 = 20). We referred to the neurons with significant improvements only by a first-order polynomial fitting as incremental-time cells.
We examined proportions of incremental-time cells from the order-selective cells in each area (Fig. 4E) . Because d-PFC and v-PFC showed a similar tendency (13 and 16%), we merged the data in this analysis. The proportions differed significantly among the areas when we included TE (χ 2 = 11.5, df = 4, P = 0.021, χ 2 test) and when we excluded TE (χ 2 = 9.1, df = 3, P = 0.028). HPC and PFC showed significantly larger proportions of incremental time cells than would be expected by chance (4.75%) in HPC [24%, P < 0.0001, B(75, 0.045), binominaldistribution test)] and in PFC [15%, P = 0.0011, B(47, 0.045)], while the other MTL areas (i.e., ERC and PRC) and TE did not (Fig. 4E) . HPC provided the strongest incremental timing signal while smaller but significant neuronal populations in PFC also signaled incremental timing (Fig. 4E and Fig. S9 ). We also asked if incremental timing signals were seen when neurons did not show differential responses between cue 1 and cue 2 (non-orderselective cells). We found that proportions of the incremental time cells from the non-order-selective cells were below the chance level in all of the tested areas (Fig. 4F) .
Stimulus-Selective Delay Activity. While the incremental-time cells in HPC and PFC represented a continuous passage of time during the delay period between cue 1 and cue 2, the item cells in v-PFC maintained their stimulus-selective activity through the entire delay period (t = 5.68, df = 15, P < 0.0001 for the first 400 ms and t = 3.45, df = 15, P = 0.0036 for the last 400 ms, twotailed paired t test) (Fig. S4) . In contrast, the item cells in MTL (i.e., ERC and PRC) and TE attenuated their stimulus-selective signal in the middle of the delay period between cue 1 and cue 2 (Fig. S4) .
Discussion
In this study, we compared the responses of neurons in PFC and MTL in the same animals as they performed a temporal-order memory task. Consistent with previous reports, we confirmed that neurons in both PFC and MTL are strongly and specifically engaged in the encoding of temporal-order information. However, neurons in these two areas signaled the task-related information in different ways. First, while both PFC and MTL neurons signaled the conjunction of information about item and temporal order, their representation manners differed. This conjunctive information developed earlier in MTL relative to PFC. Second, during the delay interval between the two cue stimuli, while many cells in PFC exhibited cue-selective delay activity, MTL neurons did not convey the cue-item information. Instead, HPC neurons provided a prominent signal of incremental timing. While incremental-timing information was also present in PFC, it was substantially weaker than that observed in HPC. These findings suggest that these two brain areas may be coding this prominent task-related information for different purposes.
Perhaps the most striking difference seen between PFC and MTL is the distinct ways in which neurons across these two brain areas integrated information about item and temporal order. In v-PFC, one group of item cells showed stimulus selectivity only for cue 1, while the other group of item cells did so only for cue 2 (Fig. S6) , providing highly selective signals for particular items presented during either cue 1 or cue 2, but not both cue periods. By contrast, PRC and ERC cells tended to show stimulus selectivity for both cues and signaled the conjunction of item and temporal order information by modulating their stimulus-selective activity as a function of time (i.e., cue 1 vs. cue 2) (26) (Fig. S6) . It should be noted that the independence of stimulus selectivity between two cue-stimulus presentations in v-PFC could not be explained by its relatively smaller number of item cells since the proportion of item cells in v-PFC (31%) was larger than that in ERC (23%) (Fig. S1 ) and item cells in ERC tended to show stimulus selectivity to both cue 1 and cue 2, similar to those cells in PRC (Fig. 3A) . This pattern is consistent with the modulation of stimulus-selective responses previously described in the perirhinal (36, 37) and entorhinal cortices (38) during tasks of recognition memory.
v-PFC exhibited independence of the presence/absence of stimulus selectivity not only across the two cue stimulus periods but also between the cue period and the choice period of the task (Fig. S5) . By contrast, neurons in PRC and TE that showed stimulus selectivity to the cue stimuli (i.e., item cells) also exhibited stimulus selectivity during the choice period with a significantly larger frequency compared with nonitem cells (Fig. S5) . This distinctive pattern of v-PFC activity is consistent with what Rigotti et al. (39) have called the "mixed selectivity" of PFC neurons. This group argued that PFC cells represent high-dimensional information by integrating multiple variables related to task requirements (e.g., item, order, and task type) in nonlinear ways, which could provide a computational advantage to solving various tasks. By contrast, MTL cortical areas conveyed consistent information about stimulus identity across task periods along with information about relative timing that may be more useful for keeping track of information in an ongoing episode.
The second major difference between MTL and PFC signals was seen in the predominant patterns of neural activity during the delay interval between the two cue presentations. We previously described a prominent incremental timing signal in the monkey HPC during the delay intervals of two different memory tasks (26, 27) . Similarly, a growing body of work describes the presence of "time cells" in rodent HPC that represented the temporal organization during fixed intervals (∼10 s) by showing selective firings within particular time periods (i.e., "time field") rather than the incremental signal during the intervals (23, 24, 40, 41) . These different response properties of time cells between our present study and previous rodent studies may come from the different lengths of delay periods (i.e., ∼1 vs. ∼10 s) although we cannot deny the possibility that the different response patterns might reflect a species difference between primates and rodents. Salz et al. (41) showed that the time cells in HPC exhibited their temporal coding even in situations that did not demand working memory. These results suggest that the generation of a timing signal in HPC may be independent of the requirement of active maintenance of temporal information and instead may be a more automatic process, consistent with the nontask-related coding of HPC place cells. It will be of great interest to know whether the incremental timing signal contributes to the integrated representation of item and temporal order in PRC and v-PFC during the encoding of item sequences (26) . While HPC cells provide a prominent incremental timing signal during the delay period of the task, it is not surprising that prominent signals seen in v-PFC cells sustained item-identity signal for a particular cue 1 stimulus, consistent with its prominent role in working memory (42) (43) (44) (45) .
Conclusion
The present results help explain the evidence, emerging from imaging studies, that both PFC and MTL contribute to tasks of temporal-order memory (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) , despite the fact that lesions of these two areas result in such different patterns of impairment (1-6, 10, 11) . Specifically, the largely differential patterns of neural activity seen in the PFC and MTL suggest that these areas may be solving temporal-order memory tasks in differential ways or for differential purposes (46) . PFC neurons are tuned for planning actions or decisions by manipulating the contents of working memory (47, 48) , while MTL neurons organize incoming information in a continuous way to help encode ongoing information across multidimensional domains that include item, time, space, and associative context (49) .
Methods
Subjects. Two male rhesus monkeys (8.1 kg, monkey B; 10.3 kg, monkey G) were used for the experiments. All procedures and treatments were done in accordance with NIH guidelines and approved by the New York University Animal Welfare Committee.
Behavioral Task. We trained the two animals on a temporal-order task with visual objects (Fig. 1B) . The procedure for the temporal-order task has been described in detail previously (26) . A trial of the temporal-order task consists of an encoding phase and a response phase. In the encoding phase, two cue stimuli (0.32 s) were presented sequentially with a delay interval (0.92 s). Cue stimuli were pseudorandomly chosen from a pool of eight well-learned visual items, resulting in 56 (8 × 7) different two-stimulus sequences. The encoding phase was followed by a blank interphase delay interval of 0.7-1.5 s where no fixation was required. The response phase started with a preresponse delay period of 1.02 s with fixation required. Then, three choice stimuli were presented simultaneously on the screen: two of them were the items that had been presented as cue stimuli in the encoding phase, and the third was a distracter stimulus chosen from the pool of the remaining six possible items. The animal was required to touch the two cue items in the same temporal order as they were presented in the encoding phase.
Electrophysiological Recording. Following initial behavioral training, the animals were implanted with a head post and recording chambers under aseptic conditions using isoflurane anesthesia. The procedure for the recording of MTL has been described in detail previously (26) . After we had almost finished the recording from MTL, we implanted recording chambers for the lateral PFC. The chambers were implanted so that the insertion of the microelectrodes would be most vertical to the brain surface. To avoid an interaction to a manipulator for MTL (Flex Alfaomega), we used an ultramicro manipulator for lateral PFC (Narishige). We set one to four ultramicromanipulators to the recording chamber for PFC, which allowed us to record single-unit activities from one to four independent glasscoated single-wire tungsten microelectrodes (0.5-1.0 MΩ; Alfaomega). Placement of microelectrodes into the target areas was guided by the individual brain atlases from MRI scans (3T). To confirm recording sites in PFC, we left four to five electrodes in the brain through the grid system in each recording chamber as references after all of the recording sessions. The animals were perfused transcardinally with saline followed by formalin with the reference electrodes in their brains. We localized the positions of reference electrodes relative to the principal sulcus and reconstructed the recording sites. The recording sites covered dorsal and ventral parts along the posterior half to two-thirds of the principal sulcus (Fig. 1A) .
Data Analysis. All neuronal data were analyzed with custom-written Matlab programs including the Statistics Toolbox. We examined the effect of item identity on a response triggered by a cue stimulus presentation as the firing rate during the period extending from 80 to 840 ms after the cue onset. We used this analysis time window (760 ms) that was larger than the duration of the cue stimulus presentation (320 ms) to better characterize the heterogeneous nature of the signals seen across PFC, MTL, and TE. We tested the differential stimulus selectivity of each neuron for cue 1 and cue 2 separately using a one-way ANOVA with the eight stimuli as a main factor. We examined the temporal dynamics of stimulus-selective activity for each item cell using an R 2 statistic from the ANOVA table; we calculated how much of the variance in the factor of stimuli could account for time-averaged firing rates during a 100-ms window centered at the given time point t (33, 50) . This time window was stepped in 5-ms increments. The R 2 statistics at the time point t were defined as STI(t) for both cue 1 and cue 2.
To examine the effect of the temporal order of stimulus presentations on neuronal activities, we compared spike firing rates from 80 to 400 ms after the stimulus onset between cue 1 and cue 2 using the paired t test for each neuron. We referred to neurons with significantly (P < 0.05) different activities between two cue periods as "order-selective neurons." Temporal dynamics of spike-firing rates during the delay period between cue 1 and cue 2 were examined for each neuron using a polynomial fitting method. We calculated the average response across trials for each 40 ms of time bin during the delay period (920 ms) from the cue 1 offset to the cue 2 onset. The firing rates at 23 time points were fit by a zero-order polynomial, a firstorder polynomial, and a second-order polynomial curve. We compared the zero-order polynomial fitting with the first-order and the first-order polynomial fitting with the second order by F test (26, 27) .
